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Wnts are secreted, cysteine-rich glycoproteins that bind
and activate Frizzled receptors, a family of seven trans-
membrane domain proteins. Current knowledge of
Wnt signaling has been garnered from a variety of
organisms, including mouse, fly, zebrafish, Xenopus
laevis, and using mammalian cultured cells (73). Wnts
govern cell proliferation, survival, differentiation, polar-
ization, and migration by modulating both cellular and
transcriptional events (49). Based on studies in mice,
Wnts function during mammalian development, but
Wnt signaling is also commonly altered in human can-
cers. The signaling cascades defined for Wnt/Frizzleds
are uniquely distinct from other receptor-mediated
pathways, but their diversity of cellular outputs still
presents a challenge to our understanding of how Wnts
work. Cellular activities governed by Wnts are also
those that are critical for vascular development and
angiogenesis, the process by which new blood vessels
sprout from preexisting ones. Thus one might expect
that Wnts would be implicated as angiogenic factors.
The focus of this review is on recent studies exploring
the hypothesis that Wnts are angiogenic factors and on
the discovery of human retinal vascular disorders asso-
ciated with Frizzleds. We will briefly overview the
mechanisms of intracellular Wnt signaling, evaluate
genetic and biochemical evidence that Wnts act in vas-
cular development, and describe a novel Frizzled lig-
and, Norrin. These studies place Wnt/Frizzled signaling
central to the development of retinal vasculature. The
evidence that Wnt/Frizzled represents a novel angio-
genic signaling pathway is now in sight. 

Wnts and Frizzleds: Canonical and
Noncanonical Wnt Signaling
Pathways

Wnts signal through Frizzleds and the transduction of
the signal has been separated into a “canonical” path-
way and several “noncanonical” pathways (FIGURE 1)
(reviewed in Refs. 49, 54, 73). Canonical Wnt signaling
involves stabilization of cytosolic �-catenin, turning it
into a nuclear transcriptional regulator. Noncanonical
signaling represents several signaling cascades acti-
vated by Wnt/Frizzleds that do not work via �-catenin.
Both canonical and noncanonical signaling work
through Frizzled activation, which involves recruit-

ment of the cytosolic Dishevelled proteins to the intra-
cellular domain of Frizzled. After this event, the
canonical and noncanonical pathways diverge in their
mechanisms of action. Frizzleds contain seven trans-
membrane domains, an extracellular cysteine-rich
domain (CRD) necessary for binding to Wnts, and an
intracellular domain containing a conserved motif for
Dishevelled binding (69). The low-density lipoprotein
receptor-related proteins 5 and 6 (LRP5 and LRP6)
function as Frizzled co-receptors in the canonical
pathway, forming a ternary signaling complex on
binding of Wnt to Frizzled (64). 

During the resting state of canonical Wnt signaling,
several cytosolic proteins form a large complex to
reduce the amount of cytosolic �-catenin via proteolysis.
This complex includes the tumor suppressor adenoma-
tous polyposis coli (APC), which mediates the targeting
of �-catenin to the ubiquitin-mediated proteolysis path-
way. Also participating in this complex is Axin, a scaffold
that brings the enzyme glycogen synthase kinase 3 and
cytosolic �-catenin in proximity leading to phosphoryla-
tion of �-catenin. Activation of the canonical pathway by
a Wnt results in inhibition of this turnover complex lead-
ing to increased cytosolic �-catenin, which then transits
to the nucleus. In the nucleus, �-catenin associates with
one of a family of Tcf/Lef transcription factors (4). Tcf/�-
catenin complexes directly regulate the expression of
numerous known target genes, many of which, such as
cyclinD1 (65) and c-myc (24), are implicated in cellular
proliferation. We will refer to this pathway as Wnt/�-
catenin signaling. 

Noncanonical Wnt signaling can mediate prolifera-
tion (76) and cellular movements during gastrulation in
vertebrates (35) and regulate planar cell polarity (PCP)
in both vertrebrates (21) and invertebrates (47).
Intracellular transmission of noncanonical Wnt signal-
ing utilizes Dishevelled (2); however, there are several
distinct branches of noncanonical signaling. The
Wnt/PCP branch of noncanonical signaling is known to
act through Rho-GTPases and JNK to regulate orienta-
tion of cellular structures (47). The Wnt/Ca2+ pathway
utilizes G proteins or intracellular calcium influx with
activation of calcium-sensitive kinases PKC and
Ca2+/calmodulin-dependent protein kinase II to effect
Wnt-mediated signals (36). Research is still ongoing as
to the function of the distinct noncanonical signaling
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